Abstract: Flow cytometry (FCM) is routinely used in medical and veterinary diagnostics although it is also widely applied in environmental studies, including phytoplankton investigations. Cyanobacteria are wide-spread photosynthetic microorganisms that attract attention due to their ecology and potential toxicity. Therefore, novel research tools are being applied in their investigation. This paper characterizes FCM as a technique that enables photopigments (chlorophylls and phycocyanin) expressed by cyanobacteria to be excited and their emission to be subsequently detected. This feature not only allows cells to be counted in a rapid manner but also enables a wide range of potential applications in ecological and biochemical studies. The main advantages of FCM, such as rapid, automatic and precise measurements requiring small sample volumes, are also discussed in this paper along with challenges including analyses of filamentous cyanobacteria and signal overlapping. It is expected that FCM will continue to be used in some fields of cyanobacterial studies.
Introduction
Cyanobacteria are a common component of the phytoplankton community responsible for primary production in aquatic environments, both freshwater and marine. Terrestrial forms of these microorganisms have also been widely recognized (Cavalier-Smith 2002; Oren 2010) and recently, their contribution to human microbiom has been revealed . Cyanobacteria are considered to be the earliest living forms on earth with fossil evidence dating back over 3.5 billion years. Long-term evolution triggered various adaptations and mechanisms that allowed them to occupy nearly every possible type of environment in all geographical latitudes (Bold 1985) . Cyanobacteria can not only survive, but thrive in extremely different conditions and environments including those considered to be almost uninhabitable and highly polluted. A broad range of adaptive mechanisms allowed certain species to tolerate high temperatures, low humidity, high or low nutrient concentrations and increased levels of pollution, and to successfully compete with sympatric organisms (Whitton and Potts 2000; Seckbach 2007; . Loading of nutrients (particularly inorganic forms of nitrogen and phosphorus), sunny, calm weather and slightly alkaline pH stimulate cyanobacteria growth to high densities, resulting in the formation of surface blooms in lakes, slow flowing rivers and coastal areas . In the Baltic Sea blooms of nitrogen-fixing species such as Nodularia spumigena and Aphanizomenon flos-aquae can be observed almost uninterruptedly during summer months and may encompass up to 100 000 km 2 (Öberg 2016) . Cyanobacterial blooms are usually manifested by blue-green foam, scum, or mats floating on the water surface. In temperate zones such events are usually observed during summer and early autumn (Mowe et al. 2015) , and over the decades this has raised concerns because of the ability of certain species and strains to produce toxic metabolites. These molecules belong to various chemical classes such as cyclic peptides (e.g. microcystins), alkaloids (e.g. anatoxin-a, saxitoxins), polymethoxy-1-alkenes, macrolides or non-essential amino acids (e.g. BMAA) Rzymski et al. 2017a,b) , and some are yet to be identified (Poniedziałek et al. 2015; Rzymski et al. 2017b) . Some cyanobacterial species, e.g. Arthrospira platensis, can be used in the production of food (Rzymski et al. 2015; Rzymski and Jaśkiewicz 2017) , some others are being investigated as a potential source of biofuels, anitbiotics and anticancer drugs (Costa et al. 2012; Silva-Stenico et al. 2013; Johnson et al. 2016) . Altogether, the ecology, biochemistry, toxicity and application of cyanobacteria is the subject of numerous studies that often employ various, interdisciplinary methods.
In this mini-review we characterize flow cytometry (FCM) as a potential research method that can be applied to study cyanobacteria. FCM is routinely applied in biomedical science as it identifies cell populations based on their light scatter, and detects fluorescence signals emitted by synthetic molecules used to dye cellular components for various purposes. However, apart from its use in medical diagnostics (e.g. in hematology, transplantation, tumor immunology and chemotherapy, prenatal diagnosis and genetics), FCM has also become increasingly important in other fields, such as those dealing with microbial pollution of drinking water (Hammes and Egli 2010; Liu et al. 2016) or honey bee reproduction . Moreover, photosynthetic pigments can be easily excited using FCM and their fluorescence signal subsequently recorded. Thus, FCM has already been successfully applied in different studies of phytoplankton. Considering the multifaceted importance of cyanobacteria, FCM may serve as a valuable tool for expanding the scope of investigations focusing on these microorganisms.
General introduction to flow cytometry
The origins of FCM date back to the late 1960s, when, in 1969, Wolfgang Gohde at the University of Munster patented the first device using fluorescence cytometry (ICP 11), later put on the market by the German company Phywe AG. In the 1970s, an American company, Bio/Physics Systems engaged in the design of these devices. In subsequent decades the development of the laser and optical engineering, electronics and computer science helped to improve the capabilities of flow cytometers and simplified their use (Baran 2008 ). Currently, the major producers in this field include Beckman Coulter, Becton-Dickinson, Thermo Fisher Scientific, and DakoCytomation. These manufacturers provide a number of devices equipped with a variety of lasers with different wavelengths of light that allow to study cells stream flowing at a speed of over 100 000 cells per second (Melamed et al. 1990) . Currently, FCM is routinely used in medical and veterinary diagnostics, and it is a well-established method in hematology, transplantology, tumor immunology and chemotherapy, prenatal diagnostics and genetics (Kaczmarek 2002; Poniedziałek et al. 2014) . A PubMed search query using the MeSH term "flow cytometry" returns nearly 180,000 papers published between 1979 and 2016 with over 50% published in only the last 15 years. FCM is also gaining popularity in environmental sciences and is being applied in various phytoplankton and bacterial analyses (Dubelaar and Jonker 2000; Vives-Rego et al. 2000; Karo et al. 2008; .
FCM is a method for conducting a multi-parameter analysis of cells suspended in liquid and passing through a laser beam. As cells pass through the flow chamber they are hit with a beam which is then scattered in different directions and recorded as forward light scatter (FSC) and side light scatter (SSC). Simultaneously, cells can also be excited with the light of a given wavelength and their fluorescence can be measured. However, in order to detect any fluorescence, suspended cells usually require staining with organic dyes of heterocyclic structure, prior to FCM analyses, although certain cells, such as those of photosynthetic organisms, contain natural fluorochromes whose fluorescence signals can be successfully measured using FCM. It should, however, be highlighted that the presence of these molecules limits the possibility to stain cells with synthetic dyes as excitation and emission spectra can greatly overlap (Davis 2007) . In particular cases an overlap in dye emission spectra and their interference with the autofluorescence of cell components can be estimated (Tashyreva et al. 2013 ). Thus, attention should be paid to the choice of appropriate fluorescent dyes with respect to the particular phytoplankton and microorganism strain being analyzed and the available lasers with which the FCM instrument is equipped (Karo et al. 2008) .
Most FCM devices are equipped with an air-cooled argon ion laser that emits λ = 488 nm light detecting three-color fluorescence in channels FL1 (515-545 nm), FL2 (554-606 nm) and FL3 (>670 nm). Modern flow cytometers can also feature a green laser (λ = 532 nm), a red diode laser (λ = 635 nm), a UV diode (λ = 365 nm) and allow fluorescence to be measured in the FL-4 and FL-5 channel. The use of FSC and SSC combined with a fluorescence measurement can be applied for phytoplankton sorting and distinguishing systematic groups in examined water samples (Phinney and Cucci 1989) as well as other analyses based on fluorescence pigments or dyes. As shown by Olson et al. 1985 , marine phytoplankton distributions can be successfully measured using shipboard FCM. More recently, an FCM protocol for quantitative and rapid analysis of Microcystis cells and colonies in lake sediment was developed with a quantification limit of 3.3×10 4 cells g -1 dry weight (dw) (Zhou et al. 2012 ).
Various FCM instruments are also coupled with cell sorters. In this case, individual cells can be diverted from the fluid stream based on entities such as cell morphology, taxonomic position, surface and intracellular protein expression, gene expression, and cellular physiology, and collected into homogenous fractions for further analyses (Ibrahim and van den Engh 2007) . It should, however, be stressed that various phytoplankton cells may survive such a process at varying viability, particularly if it is applied to fragile groups such as dinoflagellates Karenia brevis (Sinigalliano et al. 2009 ). Nevertheless, FCM featuring a sorting device has been successfully applied to isolate different phytoplankton taxa (including green algae, diatom, cryptomonads and cyanobacteria) from mixed cultures at a success rate of 80% (Cellamare et al. 2010 ). The use of such devices may decrease the time necessary to separate different phytoplankton groups from water samples for further analyses (e.g. chemical, biochemical, molecular). One should stress that some groups of phytoplantkon may be difficult to distinguish and isolate using this technique, e.g. colonial forms and filamentous species of cyanobacteria, as individualised cells might be challenging to obtain. However, if analyses on viable and intact cells are not necessary, the trichomes may be sonicated in different solutions (e.g. Triton-X100) as described by Avezedo et al. (2011) .
It is worth noting that FCM has already contributed to the identification of certain cyanobacteria, particularly picocyanobacteria. FCM allowed for the first determination of Prochlorococcus with cell diameter ranging between 0.5 and 0.7 μm (Campbell and Nolla 1994) . Picocyanobacteria constitute an important fraction of phytoplankton and contribute to aquatic ecosystem function by their high production rate (up to over 95% of total phytoplankton production) and incorporation of dissolved organic matter into the food web. Compared to microplanktonic cyanobacteria, their picoplanktonic relatives remains a poorly studied fraction of plankton (Jakubowska and Szeląg-Wasielewska 2015) . Due to its sensitivity, ability to couple with other analyses or cell sorting, FCM may be particularly useful in future studies of this particular cyanobacterial fraction.
One of the advantages of FCM is the possibility of rapid and automated measurement with only a small volume of the tested samples necessary for investigations. Usually 1 cm 3 1×10 6 cells in certain volume is sufficient for multiple analysis (e.g. absolute count of cyanobacteria cells coupled with fluorescence detection), the samples can also be diluted if the use of lower volumes if necessary.
Chlorophyll fluorescence measurement
Cyanobacteria have a supra-molecular structure; photosystem II (PSII); in the thylakoid membrane. The reaction center (RC) complex for initial charge separation is in the center of PS II surrounded laterally by peripheral light-harvesting antenna pigment-protein complexes (Adir 2005; Tomo et al. 2008) . They are both located within the same plane of the thylakoid membrane. Phycobilisome, another pigment-protein complex, is attached to PS II (MacColl 2004) . It is known that light energy captured by phycobilisome is transferred to light-harvesting protein, and finally to an RC complex. Light energy, which is finally absorbed by chlorophyll molecules of PSII in the cell, and can be used to drive photosynthesis, dissipates as heat or re-emits as fluorescence ( Fig. 1; Butler 1978) . All of these processes are strongly associated with each other. In photosynthetic cells grown under optimal and undisturbed conditions, relations in the ratio of these processes do not undergo any significant changes, while emission of fluorescence usually does not exceed 0.6-3% of absorbed light energy (Krause and Weis 1991; Hall and Rao 1999) . However, if the efficiency of one of the above processes is disturbed it will be reflected in respective changes of their ratios (Murata et al. 2007 ).
Damage to PSII is usually the first manifestation of the cell's reaction to environmental stress and leads to inhibition of all light-dependent reactions (Garstka 2007; Murata 2007) . Therefore, measurement of chlorophyll fluorescence can provide information on the changes in the efficiency of the photosynthesis apparatus (Maxwell and Johnson 2000) . Indirectly, it can impart information on the cell's condition and growth state.
Chlorophyll fluorescence occurs in the red region of visible light, between 675 and 685 nm (Lichtenthaler Fig. 1 . Fate of light absorbed by cyanobacterial cell. P680 -Photosystem II primary donor; Q A -the first quinone electron acceptor of P680 1988; Fig. 2) . Therefore, FCM allows the measurement of cyanobacterial chlorophyll a in the FL-3 channel (> 670nm).
Adaptation of the FCM technique for measurement of chlorophyll fluorescence can be used to test the impact of different factors on cyanobacteria development i.e. pH, toxic metals, herbicides and other pollutants, under controlled laboratory conditions (Readman et al. 2004; Poniedzialek et al. 2011; Dudkowiak et al. 2011; ). Changes in emission constitute a response of cells to environmental stress. If PSII is damaged (i.e. due to a high uptake of toxic substances) inhibition of fluorescence will be observed in flow cytometric analyses, and most likely its photosynthetic activity will be disturbed (Krause and Weis 1991) . Cells tolerant to environmental stress will not undergo fluorescence change or they may enhance fluorescence values. Although chlorophyll fluorescence emission does not provide an understanding of the exact mechanisms of toxicity, FCM is an interesting technique that could be complimentary to already established assays such as pulse-amplitude modulation (PAM) or delayed fluorescence (Leunert et al. 2013; Acuña et al. 2016) , and could provide an effective tool for preliminary selection of species tolerant to diverse environmental stress.
Phycocyanin fluorescence measurement
Phycocyanin is a pigment-protein complex derived from the light-harvesting phycobiliprotein family present in all species of cyanobacteria and in marine eukaryotic red algae. The C-phycocyanin variant is the dominant accessory pigment in blue-green algae accompanied with allophycyanin and allophycocyanin-B, while the R-phycocyanin variant is found in red-green algae (Glazer 1994; Jordan et al. 2001) . When excited with the red laser cyanobacterial phycocyanin emits far red light (≥650 nm) (Fig. 2) .
Since phycocyanin pigment-protein complexes participate in transferring signals, its fluorescence emission can be used in environmental stress studies, similar to those based on chlorophyll-a measurement and described above. Moreover, because this pigment is specific to cyanobacteria in phytoplankton formation it could be used in the detection of their presence in water samples. Because cyanobacteria are known to form harmful algae blooms and can pose a threat to human health, a routine and high-frequency monitoring of water bodies, particularly those used for recreational reasons, is necessary. Methods based on chlorophylla concentration measurement and cyanobacterial cell density are regularly employed as dual criteria for determinations of the alert level for cyanobacterial bloom (Ahn et al. 2007 ). However, the determination of cyanobacterial counts is difficult while chlorophyll-a is also present in other phytoplankton cells. Therefore, phycocyanin-c fluorescence measurement in water samples might be applied for monitoring cyanobacterial development in the environment. In vivo methods include spectrophotometric or fluorometric techniques (Izydorczyk and Tarczyńska 2005; Brient et al. 2008) . Although fluorescence emission does not give any information on the concentration of phycocyanin in the water, flow cytometry could be adapted to provide an early cyanobacterial warning system (Dziallas et al. 2011) . There are several reports that highlight this possibility (Becker 2002; Dennis 2011 ). Higher cyanobacterial cell concentration will result in elevated values of fluorescence emission (Sode et al. 1991) . In combination with mRNA-RING-FISH, FCM can not only be used to monitor cyanobacterial abundance but also to quantify toxin gene expression (Dziallas et al. 2011 ).
Conclusion
FCM is an automatic, time-saving and precise method which requires small quantities of tested samples. Once coupled with cell sorting, it can be successfully applied to isolate cyanobacteria from mixed phytoplankton samples. It also allows the monitoring of cy- anobacterial abundance in water, a useful feature in early detection systems. Considering that FCM equipped with a dual-laser is able to measure chlorophyll-a and phycocyanin, this method could also be of value in ecological studies of cyanobacteria. However, the presence of autofluorescence in cyanobacterial cells limits the use of other assays that employ FCM (and staining cells with synthetic fluorochromes) due to signal overlap. Moreover, filamentous cyanobacteria are rather difficult to study using FCM due to their different trichome lengths, and light scattering does not allow individual cells to be distinguished if not preceded by appropriate trichome sonication. Nevertheless, it is expected that FCM will continue to attract attention in future studies, particularly of picocyanobacteria.
